Recent evidence suggests that leptin reduces food intake via actions in the brain circuitry of food reward, such as the ventral tegmental area (VTA), as leptin receptors are present in the VTA, and leptin injection in the VTA reduces food intake. In the hypothalamus, leptin-induced anorexia requires signaling via Janus kinase-signal transducer and activator of transcription (Jak-STAT), insulin receptor substrate (IRS)-phosphatidylinositol 3-kinase (PI 3-kinase), and mammalian target of rapamycin (mTOR). In this study, we determined whether leptin activates each of these signal transduction pathways in the VTA and whether these signaling pathways are required for VTA-leptin induced anorexia. Here, we show that pSTAT3-Tyr 705 , a marker of leptin activation, was induced in a midbrain region containing the VTA and substantia nigra following either intracerebroventricular leptin or direct administration of leptin to the VTA, but these interventions failed to increase levels of either pAKT-Ser 473 or phospho-p70S6K-Thr 389 , markers of IRS-PI 3-kinase and mTOR signaling, respectively. Moreover, the effect of intra-VTA leptin administration to reduce 4-and 20-h food intake and 20-h body weight was blocked by an inhibitor of Jak-2, at a dose that had no effect on food intake or body weight by itself, but not by local inhibition of either PI 3-kinase (LY-294002) or mTOR (rapamycin) in this timeframe. Taken together, these data support the hypothesis that leptin signaling in the VTA is involved in the regulation of energy balance, but, in contrast to the leptin signaling in the hypothalamus, these effects are mediated predominantly via Jak-2 signaling rather than via the IRS-PI 3-kinase or mTOR signaling pathway. leptin; food intake; ventral tegmental area; signal transducer and activator of transcription signaling ALTHOUGH ENERGY HOMEOSTASIS RESEARCH has concentrated primarily on the role of the hypothalamus, an area that integrates and processes information from a variety of short-and longterm signals regarding nutritional state, another important neural network that participates in this process is the central nervous system (CNS) circuitry of reward and motivation. This circuitry processes sensory input from visual, olfactory, and other external cues and integrates it with emotional processing, decision-making, and learning (4). In addition to homeostatic mechanisms that drive the motivation for food, brain reward circuits play an important role in the decision of whether or not to eat.
One key signal that conveys information regarding peripheral energy stores to the brain is the adipocyte-derived hormone leptin (42) . Leptin circulates in direct proportion to body fat stores (12) , enters the CNS in proportion to its plasma level, and acts on its receptor expressed in key brain areas (2, 15) to regulate food intake and energy expenditure. Leptin is critical for the regulation of energy balance, since reduced or deficient leptin signaling causes hyperphagia and obesity (42) while, conversely, administration of leptin reduces food intake and body weight (10, 32, 40) . Recent evidence suggests that, in addition to hypothalamic areas regulating energy homeostasis, leptin can also act at brain circuitry that mediates reward and motivation (19, 20, 24) . Accordingly, deficient neuronal signaling by leptin may favor weight gain by affecting both homeostatic and reward circuitry governing food intake.
Like other members of the class I cytokine family, the leptin receptor has been demonstrated to activate the Janus kinasesignal transducer and activator of transcription (Jak-STAT) pathway. Leptin binding to the "long" or "signaling" isoform of the leptin receptor, lepr b , activates Jak-2, which in turn phosphorylates lepr b , resulting in the recruitment and tyrosine phosphorylation of STAT3 (6, 22, 39 ). Phospho-STAT3 dimers then translocate to the nucleus and activate the transcription of various target genes, including suppressor of cytokine signaling-3 (a signaling inhibitor that blocks lepr b activation of Jak-STAT signaling) (1, 5, 39) . Signaling via lepr b is critical for the ability of leptin to regulate energy homeostasis, since mice that lack lepr b (e.g., db/db mice) exhibit a similar phenotype to the leptin-deficient, ob/ob mouse (3). Moreover, STAT signaling has been implicated in the physiological function of leptin. A "knock-in" mouse model in which LepRb S1138 (a mutant for Tyr 1138 ) replaces endogenous lepr b to specifically disrupt lepr b -STAT signaling is characterized by hyperphagia and obesity (3) , whereas leptin's ability to acutely reduce food intake depends on intact STAT3 signaling (9) .
Recent data suggest that, like insulin, leptin is also capable of activating the insulin receptor substrate (IRS)-phosphatidylinositol-3-OH kinase (PI 3-kinase) pathway in the mediobasal hypothalamus (29, 36) (Fig. 1 ) and that this effect is also required for leptin regulation of food intake (29) . In addition, leptin increases hypothalamic mammalian target of rapamycin (mTOR) activity, an enzyme that regulates growth by sensing changes in energy status, and activation of this pathway is also required for leptin-induced anorexia (13) . Therefore, leptin is capable of activating each of these signal transduction pathways in the hypothalamus, and signaling via these pathways is required for the ability of leptin to reduce food intake and body weight. Beyond the hypothalamus, the long or signaling form of the leptin receptor is expressed in hippocampus, hindbrain, and in mesolimbic areas involved in reward, including the ventral tegmental area (VTA) and substantia nigra (SN) (15, 18) . Because leptin administration directly in the VTA reduces food intake and body weight (24) and induces tyrosine phosphorylation of STAT-3 (20, 24) , a key downstream mediator of leptin receptor signaling in this brain area, these data raise the possibility that leptin action may reduce food intake through a direct action on brain motivational/reward circuitry, in addition to leptin actions in brain areas associated with energy homeostasis.
The studies here were undertaken to examine the mechanism(s) by which leptin signaling in the VTA reduces food intake. We determined whether, similar to the hypothalamus, leptin activates the Jak-STAT, IRS-PI 3-kinase, and mTOR signal transduction pathways in the VTA/SN and whether activation of these pathways is required for VTA-leptin induced anorexia. Our data suggest that Jak-2 signaling in the VTA, a key brain area involved in food reward, is activated by leptin; that this effect is required for anorexia induced by VTA leptin action; and that leptin signaling via IRS-PI 3-kinase and mTOR do not appear to participate in VTA leptin-induced anorexia.
METHODS

Experimental Animals
Adult male Wistar rats (Harlan Laboratories Indianapolis, IN) were housed individually in a specific pathogen-free environment, maintained in a temperature-controlled room with a 12:12-h light-dark cycle, and provided with ad libitum access to water and standard laboratory chow (PMI Nutrition International), unless otherwise stated. All study protocols were approved by the Animal Care and Use Committee at the University of Washington and conducted in accordance with National Institutes of Health guidelines for the care and use of animals.
Surgery
To examine the signal transduction pathways activated by intracerebroventricular (icv) administration of leptin, animals received an indwelling stainless steel cannula to the third cerebral ventricle (3V) under isoflurane anesthesia, as previously described (34) . In experiments requiring intra-VTA injections, rats were surgically implanted with bilateral 26-gauge stainless steel guide cannulas (Plastics One, Roanoke, VA) to the VTA. Stereotaxic coordinates for VTA placement based on the brain atlas of Paxinos and Watson were as follows: Ϯ1.0 mm lateral, 5.2 mm posterior to Bregma, and 7.1 mm below the skull surface (25) . The cannula was secured to the skull with stainless steel screws and dental cement and closed with an obturator. Buprenorphine hydrochloride (0.3 mg/kg; Rickett Colman Pharmaceuticals) was administered at the completion of the surgery. Animals were allowed to recover at least 7 days after surgery while daily food intake and body weight were recorded. Injections were administered using an injector (33-gauge) needle that extended 1 mm beyond the tip of the cannula over a period of 60 s in a final volume of 0.5 l (each side). The injector was then allowed to remain for an addition 60 s before removing.
Immunohistochemical Verification of Injection Site
To histologically verify the injection site, coronal cryostat sections (60 m) were taken, mounted on microscope slides, and stained with cresyl violet (a Nissl stain) as previously described (8, 37) . Slides were examined under a Nikon SMZ-U stereomicroscope, and the presence of gliosis was used to determine the injection site and the placement of injector tips. The brightfield picture of cannula tract placement was imaged from the left side of the VTA using a Nikon Coolscope using a ϫ5 objective lens. To confirm the anatomic placement of the cannula to the VTA and to determine the extent of spread following bilateral injection, a subset of animals received a bilateral VTA injection (0.5 l/side) of Cy3-labeled recombinant mouse leptin (Phoenix Pharmaceuticals, Belmont, CA). Later (30 min), animals were anesthetized and perfused with ice-cold PBS (Diamedix, Miami, FL) followed by 4% paraformaldehyde (PFA; Electron Microscopy Sciences, Hatfield, PA). Brains were removed, postfixed in PFA overnight, and transferred to a 25% sucrose solution in PBS for 48 h at 4°C before being frozen in isopentane cooled on dry ice. Coronal sections throughout the VTA were then slide-mounted and stored at Ϫ80°C before visualization of the Cy3-labeled leptin using fluorescence microscopy. Slides were analyzed with a Zeiss Axioplan fluorescence microscope, and all injection sites were analyzed using a ϫ10 objective lens. Identification of anatomic landmarks was assisted by staining cell nuclei with Hoechst 33258 (Sigma, St. Louis, MO), which was added to the mounting medium and observed with a conventional DAPI filter set and assay for tyrosine hydroxylase (TH), a marker of dopamine signaling that is expressed in the VTA. Briefly, slide-mounted sections were rinsed with 10 mM PBS at room temperature and then blocked for 60 min at room temperature with a buffer containing 5% normal goat serum in 10 mM PBS before being incubated overnight at 4°C with a mouse monoclonal anti-TH, 1:1,000 dilution (Chemicon International, Temecula, CA). Slides were rinsed with PBS and incubated for 60 min at room temperature with a secondary antibody [1:200, goat antimouse IgG-Cy3 (Jackson ImmunResearch, West Grove, PA)]. After being rinsed with PBS, slides were then coverslipped using an anti-fading glycerol-based mounting media (Sigma-Aldrich, St. Louis, MO). This protocol and these antibodies have been previously used for staining of TH in the brain (7, 18, 41) . Slides were examined using a ϫ10 objective, and images were captured using a Nikon Eclipse E600 fluorescence microscope equipped with a Diagnostic Instruments Spot RT color digital camera. A summary of cannula placements (modified from Ref. 31 ) and representative photomicrographs of cannula placement and the injection site are shown in Fig. 2 .
Experimental Protocol
Effect of intra-VTA leptin on food intake and body weight. Animals were habituated to regular handling and received a mock injection before the commencement of experiments. Before dark cycle onset (4 h), food was removed, and, 1 h later, animals received a bilateral microinjection in the VTA of either vehicle or recombinant mouse leptin obtained from Dr. A. F. Parlow (National Hormone and Peptide Program) dissolved in PBS (pH 7.9) at a dose of either 0.05, 0.25 or 0.50 g in an injection volume of 0.5 l for each side. Food was replaced at dark cycle onset, and intake was measured at 4 and 20 h. This paradigm was based on previously conducted experiments examining the effect of intracerebroventricular leptin to reduce food intake and body weight (29) .
Determination of cell signaling pathways in VTA leptin action. To determine the role of Jak-STAT signaling in VTA leptin action, adult male Wistar rats were surgically implanted with indwelling bilateral cannulas directed to the VTA as described above. Before dark cycle onset (4 h), food was removed. Later (2 h), animals subsequently received a bilateral VTA microinjection of either vehicle or leptin (0.50 g), counterbalanced in combination with either a pretreatment injection of either the Jak-2 inhibitor (AG490; 1 nmol; Calbiochem, Gibbstown, NJ) or its vehicle [5% dimethyl sulfoxide (DMSO) in PBS]. This dose of inhibitor has previously been demonstrated to block the central effect of leptin to reduce food intake and body weight (28) . Food was replaced at dark cycle onset and measured at 4 and 20 h later while body weight was recorded 20 h later.
To determine the role of IRS-PI 3-kinase signaling in VTA leptin action, a separate group of male Wistar rats with bilateral cannulas aimed at the VTA were injected with either vehicle or leptin (0.50 g), counterbalanced in combination with either a pretreatment injec- Fig. 2 . Summary of cannula placements in the VTA (A) and a representative example of cannula placement using cresyl violet staining from coronal sections at the level of the VTA using a ϫ5 objective lens (B). An example of cannula place analysis with antityrosine hydroxylase staining to mark the VTA (C) and a fluorescent micrograph of a representative injection site of the Cy3-labeled leptin within the VTA using a ϫ10 objective lens (D). VTA, ventral tegmental area; SNR, substantia nigra reticularis; IF, interfascicular; Aq, aqueduct; MM, mammillary nuclei. Modified from Ref. 31. tion of either the PI 3-kinase inhibitor (LY-294002; 1 nmol; Calbiochem) or its vehicle (5% DMSO in PBS). This inhibitor has previously been demonstrated to block the ability of intracerebroventricular leptin to reduce food intake and body weight in rats at this dose (29) . Injections commenced 3 h before dark cycle onset 1 h following food removal. Food was replaced at dark cycle onset and measured at 4 and 20 h later while body weight was recorded 20 h later.
To determine the role of mTOR signaling in VTA leptin action, using the same paradigm, an additional group of male Wistar rats received a bilateral injection in the VTA of either vehicle or leptin (0.50 g), counterbalanced in combination with either a pretreatment injection of either an inhibitor of mTOR (rapamycin; 10 g; Calbiochem) or its vehicle (100% DMSO). This dose of inhibitor was selected on the basis of previous studies demonstrating the ability of rapamycin to block leptin-induced anorexia (13, 33) . Food was replaced at dark cycle onset and measured at 4 and 20 h later while body weight was recorded 20 h later.
Tissue Processing and Biochemical Analysis
Separate groups of adult male Wistar rats bearing either a single cannula to the third ventricle (mean body weight ϭ 417 g) or a bilateral cannula directed to the VTA (mean body weight ϭ 373 g) were fasted overnight and received an injection of either vehicle or leptin (icv: 10 g; intra-VTA: 1 g). At 30 and 90 min after injection, animals were killed, the brain was removed, and either a wedge of hypothalamus (defined caudally by the mamillary bodies, rostrally by the optic chiasm, laterally by the optic tract, and superiorly by the apex of the third ventricle) or tissue enriched in the VTA and SN was rapidly dissected. For VTA/SN enriched tissue, briefly, brains were removed, and coronal cuts were made at the rostral and caudal boundaries of the VTA using the mamillary bodies as a landmark. Bilateral sagittal cuts were then made using the SN as a landmark, and a horizontal cut was made ϳ1 mm ventral to the aqueduct. Dissected tissues were snap-frozen and protein extracted and stored at Ϫ80°C for subsequent analysis (29) . We selected these time points based on previous studies that demonstrated leptin-induced activation of the IRS-PI 3-kinase pathway at 30 min and leptin-induced activation of the mTOR pathway at 90 min (13, 29) . Antibodies against phosphoStat 3 (Tyr 705 ), phospho (p)-protein kinase B (Akt; Ser 473 ), and phospho-p70S6K (pS6K1), a downstream marker of mTOR activation, STAT3, Akt1, and p70S6K (S6K1) were obtained from Cell Signaling (Beverly, MA). Protein levels were quantified using the Micro BCA Protein Assay Kit (Pierce, Rockford, IL) according to the manufacturer's instruction, and equal amounts of protein were used for each condition in each assay. Western blots were performed using SDS gel electrophoresis on a 4 by 20% gradient gel and then transferred to nitrocellulose. Membranes were probed with anti-STAT3, -Akt1, -S6K1, pStat 3, pAkt, and pS6K1 antibodies (1:1,000) overnight. Quantitation of protein expression and phosphorylation was performed using Image J software.
Statistical Analyses
All results are expressed as means Ϯ SE. Comparisons between multiple groups were made using a two-way analysis of variance with a least-significant difference post hoc test for comparisons between groups. For two-group comparisons, a two-sample, unpaired Student's t-test was used. Statistical analyses were performed using Statistica (version 7.1; StatSoft). Probability values of Ͻ0.05 were considered significant. (Fig. 3) .
RESULTS
Effect of Intra-VTA Pretreatment on Leptin-Induced Anorexia
Histological analysis using cresyl violet and TH staining (a marker of dopamine signaling expressed in the VTA) showed that the cannula tips were located in the VTA and that the injected solution diffused throughout the VTA (Fig. 2) .
Role of Jak-STAT Signaling in VTA Leptin Action
As a positive control, we first demonstrated that intracerebroventricular leptin (10 g) induced pSTAT3 levels in the mediobasal hypothalamus relative to vehicle-treated animals (Ͼ2-fold; P Ͻ 0.05) using Western blot analysis (Fig. 4A) . To determine whether leptin activates the Jak-STAT pathway in the VTA, animals received intracerebroventricular injections of leptin (10 g), and we examined tyrosine phosphorylation of STAT3 in Western blots of VTA/SN tissue extracts. Consistent with previous findings (20, 24) , we found that intracerebroventricular leptin increased pSTAT3 levels in the VTA/SN compared with vehicle-treated controls (P Ͻ 0.05) (Fig. 4B) . These data suggest that central administration of leptin activates the Jak-STAT pathway in the VTA/SN but does not address whether this effect occurred directly in the VTA or via leptin action at a remote site. To determine whether leptin acts directly in the VTA to activate the Jak-STAT Fig. 3 . Dose-response effect of intra-VTA leptin on food intake and body weight. A: food intake was measured 4 h after bilateral intra-VTA administration of either saline or leptin (0.1, 0.5, 1.0 g). Food intake (B) and body weight (C) were measured in the same 4 groups of animals 20 h after treatment (n ϭ 10 -12/group). Data are means Ϯ SE. *P Ͻ 0.05 vs. vehicle (veh).
pathway, leptin was delivered directly in the VTA of rats via surgically implanted bilateral cannulas. As with intracerebroventricular leptin, we found that intra-VTA administration of leptin significantly induced tyrosine phosphorylation of STAT3 in the VTA/SN compared with vehicle (P Ͻ 0.05) (Fig. 4C) .
We next sought to determine whether signaling via the Jak-STAT pathway is required for VTA-leptin induced anorexia. To test this hypothesis, animals (mean body weight ϭ 392 g) received a bilateral VTA pretreatment injection of the Jak-2 inhibitor, AG-490, before intra-VTA administration of leptin. Consistent with our initial observation, leptin administration directly in the VTA reduced food intake at both 4 and 20 h (Fig. 4, D and E) , and this was accompanied by decreased body weight at 20 h relative to vehicle-vehicle treated animals (P Ͻ 0.05 for each) (Fig. 4F) . However, intra-VTA pretreatment of the Jak-2 inhibitor, AG-490, at a dose (1 nmol) that had no effect on food intake or body weight when given by itself, blocked the ability of leptin in the VTA to reduce 4-and 20-h food intake and to decrease body weight.
Finally, we determined whether the Jak-2 inhibitor, AG-490, blocked leptin-induced activation of pSTAT3 in the VTA. To test this, we used the same experimental paradigm as in the feeding studies where nonfasted animals received a bilateral VTA pretreatment injection of the Jak-2 inhibitor, AG-490, before intra-VTA administration of leptin. As expected, tyrosine phosphorylation of STAT3 normalized to total STAT3 was induced in the VTA in vehicle-leptin compared with vehicle-vehicle controls (198.3 Ϯ 9.8 vs. 100.0 Ϯ 26.9 units; P Ͻ 0.05), and this effect was blocked by an intra-VTA pretreatment of the Jak-2 inhibitor (129.9 Ϯ 22.0 for AG-490-leptin vs. 198.3 Ϯ 9.8 units for vehicle-leptin; P Ͻ 0.05), at a dose of AG-490 that had no effect on pSTAT3 levels by itself compared with vehicle-vehicle treated controls [P ϭ not significant (NS)].
Role of IRS-PI 3-Kinase Signaling in VTA Leptin Action
Consistent with our previously published data, we demonstrated that, in addition to activation of pSTAT3 (Fig. 4A) , intracerebroventricular administration of leptin induced serine phosphorylation of Akt relative to vehicle-treated animals in the mediobasal hypothalamus (P Ͻ 0.05) (Fig. 5A) . To determine whether leptin in the VTA signals via the IRS-PI 3-kinase pathway, we examined in a separate group of animals: 1) whether either intracerebroventricular leptin or direct administration of leptin in the VTA increases pAkt (a downstream marker of PI 3-kinase activation) in the VTA/SN and 2) whether intra-VTA pretreatment with the PI 3-kinase inhibitor, LY-294002, blocks VTA leptin-induced anorexia. Although central administration of leptin resulted in activation of pSTAT3 in the VTA (Fig.  4B) , it failed to induce pAkt in the VTA at 30 min (Fig. 5B) . As expected, leptin failed to activate pAkt at the 90-min time point (data not shown) (29) . Similarly, while direct administration of leptin to the VTA activated the Jak-STAT pathway Fig. 4 . Effect of icv leptin (10 g) on induction of pSTAT3 in the hypothalamus (A) and VTA (B) using Western blot analysis (n ϭ 5-6/group). C: Western blot analysis of pSTAT3 in the VTA of rats injected bilaterally to the VTA with either vehicle or leptin (1 g). D: cumulative food intake measured during the first 4 h after bilateral intra-VTA pretreatment injections of either vehicle or the Jak-2 inhibitor (AG-490; 1 nmol), followed 1 h later by intra-VTA administration of either vehicle or leptin (0.5 g) (n ϭ 10 -12/group). Food intake (E) and body weight change (F) were measured in the same groups of animals 20 h after treatment (n ϭ 10 -12/group). Data are means Ϯ SE. P Ͻ 0.05 vs. vehicle-vehicle (*) and vs. AG-490-leptin (#).
( Fig. 4C) , it again failed to activate pAkt in this brain area at 30 min after injection (Fig. 5C) .
Consistent with this outcome, the ability of intra-VTA administration of leptin (mean body weight ϭ 409 g) to reduce 4-h and 20-h food intake and decrease body weight relative to vehicle-vehicle treated animals (P Ͻ 0.05 for each) (Fig. 5,  D-F) was not attenuated by intra-VTA pretreatment with the PI 3-kinase inhibitor, LY-294002 (P ϭ NS), at a dose (1 nmol) previously shown to block leptin-induced anorexia when given intracerebroventricularly (29) while having no independent effect on food intake or body weight (Fig. 5, D-F) .
Role of mTOR Signaling in VTA Leptin Action
Although intracerebroventricular administration of leptin induced both pSTAT3 (Fig. 4A) and pAkt (Fig. 5A) in the mediobasal hypothalamus, leptin tended to increase pS6K1, a downstream marker of mTOR activation in this same brain area relative to vehicle-treated controls (P ϭ 0.069) (Fig. 6A) . To investigate whether the mTOR pathway mediates leptin action in the VTA, in an additional group of animals, we determined whether administration of leptin activates pS6K1 in the VTA/SN and whether pretreatment with the mTOR inhibitor, rapamycin, blocks VTA leptin-induced anorexia. Neither intracerebroventricular (Fig. 6B) nor direct intra-VTA (Fig.  6C ) administration of leptin induced pS6K1 in the VTA/SN at 90 min, suggesting that leptin does not activate the mTOR signaling pathway in the VTA.
As expected, leptin administration in the VTA (mean body weight ϭ 431 g) significantly reduced 20-h food intake and body weight relative to vehicle-vehicle treated animals (P Ͻ 0.05 for each). However, intra-VTA pretreatment with the mTOR inhibitor, rapamycin, at a dose (10 g) that did not affect food intake or body weight on its own, failed to block the anorexic effect of leptin on either food intake (Fig. 6, D and E) or body weight (P ϭ NS) (Fig. 6F) .
DISCUSSION
Previous observations support the hypothesis that leptin regulates feeding not only in brain areas involved with energy homeostasis (hypothalamus) but in circuitry that mediates reward and motivation (VTA) (19, 20, 24) . In this study, we demonstrate that 1) Jak-STAT signaling in the VTA/SN, a key brain area involved in reward, is activated by leptin; 2) this effect involves a local action of leptin in the VTA; 3) this effect is required for the ability of leptin in the VTA to reduce food intake and body weight; and 4) leptin signaling via IRS-PI 3-kinase and mTOR does not appear to participate in VTA leptin-induced anorexia. These findings extend earlier work and highlight differences in signal transduction mechanisms employed by leptin in distinct brain areas controlling feeding behavior.
Although the hypothalamus clearly plays a key role to mediate leptin effects on food intake, growing evidence suggests that extrahypothalamic sites are also important in this C: Western blot analysis of pAkt in the VTA of rats injected bilaterally to the VTA with either vehicle or leptin (1 g). D: cumulative food intake measured during the first 4 h after bilateral intra-VTA pretreatment injections of either vehicle or the PI 3-kinase inhibitor (LY-294002; 1 nmol), followed 1 h later by intra-VTA administration of either vehicle or leptin (0.5 g) (n ϭ 10 -12/group). Food intake (E) and body weight change (F) were measured in the same groups of animals 20 h after treatment (n ϭ 10 -12/group). Data are means Ϯ SE. *P Ͻ 0.05 vs. vehicle-vehicle.
process. Leptin receptors are expressed not only in the hypothalamus but the hindbrain and VTA (15, 18) , and intracerebroventricular administration of leptin induces pSTAT3, a downstream marker of leptin activation, in each of these brain areas (20, 23, 24, 39) . Although these effects could possibly be explained by an indirect effect of leptin, our data support work by Hommel and colleagues (24) and demonstrate that leptin can act directly on leptin receptors in the VTA, since delivery of leptin directly in this brain area potently increases its pSTAT3 content. The effect of centrally administered leptin to reduce food intake and body weight may therefore involve activation of leptin receptor signaling in extrahypothalamic sites, such as the VTA.
The effect of leptin in the VTA to reduce food intake and body weight was blocked by local pretreatment using the Jak-2 inhibitor, AG-490. Because leptin-induced activation of pSTAT3 in the VTA was also blocked by this inhibitor, taken together, these findings implicate Jak-2 signaling in the feeding effects of leptin in the VTA and diminish the likelihood that this action of leptin involves a nonspecific mechanism. However, although we and others have shown that the Jak-2 inhibitor AG-490 blocks leptin-induced activation of pSTAT3 (14), we cannot rule out the possibility that the effects are independent of Jak-STAT signaling. Moreover, although subpopulations of mesolimbic dopaminergic neurons are involved in controlling locomotor activity and exploratory behavior (27) , the changes in feeding and body weight by leptin do not seem to involve changes in ambulatory activity (24) . Taken together, these studies suggest that leptin directly activates the Jak-STAT pathway in the VTA, a key brain area involved in reward, and signaling via Jak-2 is required for the VTA leptin-induced anorexia.
In hypothalamus, leptin activates the Jak-STAT pathway (39) , and signaling via this pathway is critical for leptin to regulate energy homeostasis (3). However, in addition to this pathway, leptin has been demonstrated to activate both the IRS-PI 3-kinase (29, 36) and mTOR (13) signal transduction pathways, and signaling via these pathways is required for leptin-induced anorexia. Consistent with this, we demonstrate that intracerebroventricular administration of leptin significantly induced activation of pSTAT3 and pAkt in the mediobasal hypothalamus while tending to increase pS6K1, a marker of mTOR activation. Here, we report that both central and direct injection of leptin in the VTA potently activate the Jak-STAT pathway in the area of the VTA, although we cannot rule out the possibility that leptin may also act in the adjacent SN. Indeed, previous studies have demonstrated the expression of leptin receptors and TH in both the substantia nigra pars compacta and the substantia nigra reticularis (15, 18) , although their role in feeding is unknown. Nevertheless, we observed no detectable effect of leptin on either the IRS-PI 3-kinase or mTOR signal transduction pathways in this brain area, and Fig. 6 . Effect of icv leptin (10 g) on induction of phospho-p70S6K (pS6K1) in the hypothalamus (A) and VTA (B) using Western blot analysis (n ϭ 5-6/group). C: Western blot analysis of pS6K1 in the VTA of rats injected bilaterally to the VTA with either vehicle or leptin (1 g). D: cumulative food intake measured during the first 4 h after bilateral intra-VTA pretreatment injections of either vehicle or the mTOR inhibitor (rapamycin; 10 g), followed 1 h later by intra-VTA administration of either vehicle or leptin (0.5 g) (n ϭ 10 -12/group). Food intake (E) and body weight change (F) were measured in the same groups of animals 20 h after treatment (n ϭ 10 -12/group). Data are means Ϯ SE. *P Ͻ 0.05 vs. vehicle-vehicle.
neither of these pathways appears to play a role in leptin's anorexic effects in the VTA. Previous studies have demonstrated that mTOR is ubiquitously expressed throughout the CNS and is activated in the VTA by metabotropic glutamate receptors (26) . The failure of leptin to activate pAkt, a downstream target of PI 3-kinase signaling in the VTA, is at odds with previous evidence that leptin activates PI 3-kinase signaling in the hypothalamus and that intra-VTA administration increases the local content of phosphatidylinositol 3,4,5-triphosphate, the phospholipid product of PI 3-kinase activation (19) . In those previous studies, PI 3-kinase activation was assessed very rapidly after administration of leptin. Differences in leptin dose, and histochemical vs. biochemical assessment of enzyme activity, may also explain divergent outcomes of these studies. Here, the absence of any measurable effect of a PI 3-kinase inhibitor to reduce the feeding effects of leptin in the VTA suggests that the IRS-PI 3-kinase pathway in the VTA is not required for leptin-induced anorexia over a longer time course.
Several lines of research suggest that leptin modulation of brain reward circuitry alters performance for rewarding stimuli. Central administration of leptin reduces the rewarding properties of food and other stimuli, measured using behavioral paradigms, including place preference conditioning (the seeking of a place associated with a reward) (16) , the motivation to work for a food reward (17) , and the rewarding effect of electrical brain stimulation (21) . Interestingly, these effects are seen at doses that are subthreshold for decreasing 24-h food intake. Furthermore, conditions associated with reduced leptin signaling, such as fasting, enhance the rewarding properties of both food and certain drugs (11, 21, 35, 38) . The VTA has been postulated as an extrahypothalamic site that mediates these effects, since the ability of intra-VTA administration of the mu-opioid agonist to stimulate feeding is blocked by direct acute injection of leptin in the VTA (19) . Consistent with the hypothesis that leptin signaling in the VTA modulates feeding and reward, conditional knockdown of Lepr signaling in the VTA of rats using and RNAi strategy increases sensitivity to sucrose and a high-fat diet (24) . In our study, we examined the ability of leptin to reduce intake of standard laboratory chow. Whether direct administration of leptin in the VTA reduces aspects of food reward, and whether this effect requires signaling via the Jak-STAT, IRS-PI 3-kinase, or mTOR signaling pathway remains to be elucidated.
One potential mechanism by which leptin signaling in the VTA reduces food intake is thought to involve dopaminergic neurons. Fluorescent immunohistochemical and double-label in situ hybridization studies demonstrate that leptin receptor protein (18) and mRNA (24) are expressed in VTA dopaminergic neurons and that peripheral administration of leptin activates pSTAT3 in dopaminergic neurons (20) . Furthermore, electrophysiological studies show that leptin inhibits dopaminergic neuronal activation in normal animals (24) . However, leptin increases TH mRNA in the VTA of ob/ob mice (20) . Therefore, the effects of leptin on dopamine function in the regulation of food intake remain to be completely elucidated (30) .
Perspectives and Significance
Our data suggest that Jak-2 signaling in the VTA is important for VTA leptin-induced anorexia. However, compared with the hypothalamus, leptin action in the VTA reduces food intake and body weight via mechanisms that are likely independent of the IRS-PI 3-kinase and mTOR signaling pathways. In keeping with a "distributed" model of neural networks that process and integrate adiposity signals, our data therefore extend previous evidence that the ability of leptin to regulate feeding involves extrahypothalamic sites, including the VTA, and that heterogeneity exists in signal transduction mechanisms downstream of the leptin receptor that mediate the feeding effects of leptin in different brain areas.
